Introduction
Organic photovoltaic (OPV) devices as a new generation of solar cells have attracted signicant attention, as they present a promising route towards cost-efficient solar power conversion. [1] [2] [3] [4] [5] [6] The main advantages of OPV devices are related to their potentially low cost, light weight, exibility and easy processing. [7] [8] [9] [10] To date, the power conversion efficiency (PCE) of OPV devices has exceeded 9%. [11] [12] [13] However, the commercial application is still hindered by the poor stability of the devices.
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As a consequence, the degradation of OPV devices has received a high level of attention. 17, 18 It was reported that the photovoltaic performance of OPV devices degraded pronouncedly, if they were exposed to oxygen and/or water. 19 Thus, suitable encapsulation was developed as an essential procedure to protect solar cells from ambient oxygen and moisture to extend their lifespan for daily applications. [20] [21] [22] [23] So far, the focus has been mainly on the degradation of the nal device and thus on the inuence of degradation caused by exposure to oxygen and water. However, besides oxygen and water, the impact of an organic solvent atmosphere also needs to be taken into consideration, since OPV devices are frequently exposed to it, in particular during their fabrication and handling. As is known, most of the OPVs' active layers are prepared by wet chemical processes, such as printing, spray coating, spin coating and blade coating, which to date mostly use organic solvents. The solar cell fabrication typically is done in a closed environment and lasts for several hours up to a few days. During this time the solar cells are exposed to a certain amount of organic solvents. For a xed production route, the most accessible solvent atmosphere originates from the host solvent during the active layer preparation. For example, a solar cell with the active layer prepared out of chlorobenzene will get likely exposed to chlorobenzene atmosphere during the subsequent handling steps. Since encapsulation is commonly installed as the nal device fabrication step, it cannot have any benecial inuence during device fabrication and handling.
As is well known, suitable solvent vapor annealing and nonsolvent swelling treatment have been widely investigated to enhance the solar cell efficiency. 24, 25 However, these are entirely different studies from the case that the sample is unintendedly exposed to its host solvent vapor. The majority of investigations of suitable solvent vapor annealing aim to improve the solar cell efficiency by strictly controlling the annealing conditions such as selecting a suitable solvent vapor, optimizing the time for annealing or mixing different solvents to form the vapor. [26] [27] [28] [29] [30] It was shown that solvent vapor annealing for a short period such as for several minutes could lead to a more favorable polymer-fullerene BHJ morphology and enhance the crystalline order within the photoactive layer and therefore increase the conductivity and photovoltaic performance. 26, 31, 32 In contrast, the unintended exposure to its host solvent vapor might have entirely different impacts. Chang et al. reported that organic BHJ solar cells reabsorbed the solvent even aer the thermal annealing step in a glove box, causing a decreased PCE of the solar cells. 33 In theory, solvent vapor annealing is similar to normally used thermal annealing, which enables the molecules of both components to move and accordingly to form a more thermodynamically favorable morphology. The annealing process has a non-monotonic impact in the device performance. The appropriate timescales and temperatures of thermal annealing are required for producing the most efficient organic solar cells. However, overheating can induce the degradation in solar cell efficiency. Treat et al. observed that micron-scale PCBM crystals were formed upon thermal annealing for long periods at 180 C and it was considered as the main reason for degradation of the efficiency of the nal device. 34 Therefore, generally much attention is paid to the temperature and time control for the thermal annealing process. However, the long-term effects of the solvent atmosphere generated during active layer preparation are not readily noticeable. To our knowledge, fundamental investigations regarding the inuence of long-term exposure to solvent vapor on the morphology of photoactive layers of organic BHJ solar cells are still limited. Furthermore, the host solvent vapor might have different inuence on device stability, especially for the fact that the freshly prepared solar cell with the active layer prepared out of different solvents could function normally. In the present work, the inuence of long-term host solvent vapor on the morphology of active layers is investigated. We select the model system poly(3-hexylthiophene): [6, 6] phenyl-C61 butyric acid methyl ester (P3HT:PCBM) with a bulk heterojunction (BHJ) morphology, because it is still the most studied system in the OPV area, despite its very moderate efficiency. Chlorobenzene, toluene, xylene or dichlorobenzene as host solvents are commonly used to prepare P3HT:PCBM solutions, which are transferred into the active layers of the solar cells via a wet chemical deposition process. Although for all these solvents the freshly prepared solar cells work well, they might still have different inuence on the long-term stability of the device during the fabrication. Therefore, the basic understanding of the impact of their host solvent atmospheres on the stability of the solar cells, in particular on the active layers, could be quite benecial for enhancing the lifetime of the device. 35, 36 With the purpose of observing the inuence of these organic solvents with respect to the morphology and performance of P3HT:PCBM solar cells, we decided to mimic long time processes with the exposure to a solvent atmosphere. The morphology of the corresponding photoactive layer is probed with real and reciprocal space methods and linked with the device performance aer an exposure to solvent vapor. The morphology and crystallinity of the pristine samples were already analyzed in detail in our previous work. 35, 36 In addition, the solar cell performance of pristine and post-treated devices are compared. Post-treated samples refer to the solar cells or the corresponding photoactive layers which have been kept in one out of four different solvents vapors for 5 days, separately.
The photovoltaic performance of the solar cells is evaluated by current-voltage (J-V) characteristics. Direct imaging techniques such as optical microscopy and atomic force microscopy (AFM) are applied to study the BHJ lm surface morphologies. Grazing incidence small angle X-ray scattering (GISAXS) measurements are carried out to probe the inner lm morphologies. Additionally, the crystalline structures of the P3HT:PCBM components are investigated using grazing incidence wide angle X-ray scattering (GIWAXS) and UV/vis absorption spectroscopy. As a main result, aer long-term exposure to host solvent vapor the solar cell efficiency is mainly affected by the formation of large PCBM crystals in the photoactive layer.
Experimental section

Materials
Poly(3-hexylthiophene) (P3HT) was purchased from Rieke Metals, Inc., with an average molecular weight M w of 50 kg mol À1 and a regioregularity of more than 95%. [6, 6] -Phenyl-C61 butyric acid methyl ester (PCBM) was obtained from Nano-C with a purity of 99.5%. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) (PH1000) solution was purchased from Ossila, with a PEDOT to PSS weight ratio of 1 : 2.5. Chlorobenzene, toluene, xylene and dichlorobenzene were obtained from Carl Roth and were used as supplied.
Sample preparation
P3HT was dissolved in the host solvent until complete dissolution, and then the P3HT solution was added to the PCBM powder in a weight ratio of 1 : 1. The nal solution was stirred overnight at room temperature. Chlorobenzene, toluene, xylene and dichlorobenzene were used as four different host solvents. In order to obtain similar lm thickness values, the nal concentrations were adapted to 20 mg ml À1 (chlorobenzene), 18 mg ml À1 (toluene), 24 mg ml À1 (xylene) and 30 mg ml
For the solar cell device fabrication, indium tin oxide (ITO) was partially removed from the glass substrates by chemical etching and then cleaned in a sequence using Alconox solution, ethanol, acetone and 2-propanol in an ultrasonic bath. The cleaned ITO-covered glass substrates were treated with oxygen plasma for 10 minutes. The PEDOT:PSS solution was ltered by PVDF lters with a pore size of 0.45 mm and then deposited via spin-coating (3000 rpm, 60 s) on the ITO-covered glass substrates. Next, the samples were annealed for 10 minutes at 150 C. Aerwards, P3HT:PCBM lms were deposited via spin- The UV/vis absorption spectra were derived from the transmission measurements, which were performed with a UV/vis spectrometer Lambda 35 (PerkinElmer), with a wavelength range from 190 to 1100 nm. The measurements were carried out with a scan speed of 120 nm min À1 and a slit width of 1 nm under ambient conditions. AFM Autoprobe CP Research (Veeco Metrology Group) was used to probe the surface morphologies of BHJ lms in tapping mode. Conical shaped cantilevers with gold coating were used. The resonance frequency of the cantilever was set around 60 kHz. AFM measurements were performed under ambient conditions. GISAXS measurements were carried out at the synchrotron beamline BW4 of the DORIS III storage ring at DESY, Hamburg, Germany. 37, 38 The wavelength of the X-rays was 0.138 nm. A constant incident angle (a i ¼ 0. 4 ) was chosen to make sure that the beam penetrated the whole lm. Thus, surface and inner lm structures were probed. The sample-detector distance was 2.088 m to access a reasonable q y range. A MarCCD area detector was used. In order to analyze the two dimensional (2D) GISAXS data, horizontal line cuts were performed. A model in the framework of the distorted wave Born approximation (DWBA) was applied to describe the horizontal line cuts. 39 As the incident angle is xed, the inuence of the transmission functions can be ruled out and the scattering factor is probed. The scattering factor is composed of form factor and structurefactor contributions. The form factor captures the shape and size of individual objects, such as cylinder or sphere. In polymer systems, cylinder form factors are quite common, especially for P3HT:PCBM BHJ lms.
14, 40 The polydispersity of the objects is included via a Gaussian distribution function. A one-dimensional paracrystalline lattice is assumed for the arrangement of scattering objects, as introduced by Hosemann et al. 41 The model we employed is local monodisperse approximation (LMA), meaning that the total scattered intensity can be approximated by incoherently superposing the scattered intensity of individual objects without interaction with the object with distinct structures.
14 In this work, three cylindershaped objects have to be assumed to properly describe the GISAXS data (for sketch, see Fig. S1 in the ESI †). Fitting with a single set of form and structure factors or with two sets of form and structure factors showed signicant deviations between best ts and data.
GIWAXS measurements were performed at the same beamline with an incident angle of 0.2 and a sample-detector distance of 0.11 m. Data were collected with the same MarCCD area detector. To make the geometric correction and twodimensional intensity reshaping, a grazing-incidence X-ray scattering graphical user interface (GIXSGUI) was used. GIXS-GUI is an open source program, which was developed by Advanced Photon Source, Argonne National Laboratory, USA.
Results and discussion
Solar cell performance
The 
42,43
However, the focus of the present investigation was on the degradation, which is a relative loss in device performance. In general, all solar cells demonstrate degradation aer longterm exposure to the host solvent vapor (the PCE values signicantly degrade). Amongst them, dichlorobenzene-based solar cells show the best remaining J-V performance for posttreated solar cells. Aer the harsh solvent vapor treatment, the PCE values of 1.66 AE 0.07% remain, which are still more than 50% of the original PCE (2.85 AE 0.12%). In the case of chlorobenzene the solar cell behavior was maintained aer exposure to chlorobenzene vapor for 5 days, whereas solar cells exposed to toluene and xylene lose function and fail completely. As seen from Table 1 , the degradation is mainly driven by the decrease in J SC . In addition, U OC and FF decrease as well.
To specically understand the degradation of the investigated solar cells, the morphology of the post-treated P3HT:PCBM lms is characterized in detail. The morphology of the pristine active layers was reported in detail in previous studies. 35, 36 Surface topography
As shown in the optical microscopy images (Fig. 2) , all posttreated P3HT:PCBM lms exhibit specic surface morphologies. In particular, the samples post-treated with chlorobenzene, toluene and xylene vapors (Fig. 2a-c) exhibit PCBM aggregates in the micron scale. Fig. 2a displays some big ower-shaped PCBM clusters. Paternò et al. observed similar ower-shaped PCBM clusters, which were determined as large PCBM crystalline aggregates based on micro-focused X-ray diffraction experiments. 44 For the samples post-treated with toluene and xylene vapors (Fig. 2b and c) , more PCBM aggregates with smaller sizes are formed. In Fig. 2c , the lighter yellow regions around the PCBM aggregates are the PCBM depletion regions, which were observed in earlier investigations as well. 35 The size distributions of PCBM aggregates in these three different samples are estimated by using the optical microscopy images within the detected surface area (1.02 Â 0.82 mm 2 ), as shown in Table S1 . † The sample post-treated with toluene has the highest number of aggregates of 101, while the chlorobenzene and xylene related samples have 12 and 65 aggregates, respectively. Additionally, the chlorobenzene has the largest PCBM aggregate area fraction of 4.9% as compared to the one related to toluene (3.8%) and xylene (1.8%). However, no micron-sized PCBM aggregates are observed in the dichlorobenzene vapor post-treated sample (Fig. 2d) . Thus, the formation of micron-sized PCBM aggregates can be a reason for the observed device degradation.
To explain the inuence of the long-term solvent vapor treatment on the large scale surface morphologies, the impact of the vapor pressure is rstly considered. As dichlorobenzene has the lowest vapor pressure at 25 C (1.4 mmHg) in comparison with the other used solvents (chlorobenzene, toluene and xylene have values of 12.0 mmHg, 28.4 mmHg and 6.6 mmHg), the total absorption of dichlorobenzene molecules could be limited, when placed in a dichlorobenzene atmosphere. Accordingly, PCBM aggregation is prevented in the dichlorobenzene atmosphere. It was also observed by Hu et al. that the smallest weight percentage increase of P3HT:PCBM lms was obtained by dichlorobenzene vapor annealing. 45 However, they also observed the maximum weight percentage increase of the P3HT:PCBM sample in chlorobenzene vapor, which is not directly correlated with the vapor pressure anymore. Therefore, the solubility of P3HT and PCBM in distinct solvents is taken into account. For P3HT, the solubility is 33.8 mg ml À1 for chlorobenzene, 1.4 mg ml À1 for toluene, 3.4 mg ml À1 for xylene, and 37.1 mg ml À1 for dichlorobenzene, while for PCBM, the corresponding solubilities are 39.4 mg ml À1 , 16.3 mg ml À1 , 24.5 mg ml À1 and 35.9 mg ml
À1
, respectively. 45 The largest but the least PCBM aggregates are formed in chlorobenzene-related lms, which might be explained by the high vapor pressure, the biggest solubility of PCBM, and the biggest miscibility between P3HT and PCBM. On the other hand, many more PCBM aggregates are observed in toluene and xylene related samples, probably due to the relatively small miscibility between P3HT and PCBM. Similarly, it has been reported that PCBM aggregates were formed in another high PCBM solubility solvent vapor, 2-chlorophenol. 46 In more general, both the vapor pressure and the solubility of PCBM in the solvent strongly inuence the PCBM aggregate formation. To gain further insights into the surface morphology on the nanoscale, atomic force microscopy (AFM) measurements are performed on the homogeneous parts of the lms rather than on those parts dominated by the formed PCBM aggregates. As it is illustrated in Fig. 3 , the type of solvent vapor has signicant inuence on the nanoscale morphology of the lms as well. The samples post-treated with chlorobenzene (Fig. 3a) or toluene vapor (Fig. 3b) show a stripe-like nanomorphology, while the one with xylene vapor treatment (Fig. 3c) shows doughnut-like structures. Large spherical structures are observed on the sample post-treated with dichlorobenzene vapor as shown in Fig. 3d . In general, all post-treated samples exhibit coarsened surface nanostructures as compared to the pristine lms, which were probed in our previous work. 35 Additionally, all solvent vapor-degraded samples show signicantly increased surface roughness values as compared to the initial lms. The highest surface root-mean-square (rms) roughness of around 79.8Å is found for the sample treated with dichlorobenzene. The changes in surface structures might give rise to the observed device degradation, however, it might be also linked to strong changes of the inner lm morphologies.
Inner lm morphology
The inner lm morphologies might be different from the surface morphologies that have been revealed using AFM topography measurements. 35 As is well known, the inner lm morphology of the photoactive layer is signicant for the solar cell performance. [47] [48] [49] [50] [51] To probe the inner morphology of the active layers, GISAXS is a well suited technique which gives statistical information on a mesoscopic length scale. [52] [53] [54] [55] The 2D GISAXS data of P3HT:PCBM lms post-treated with chlorobenzene, toluene, xylene and dichlorobenzene vapors are shown in Fig. 4 . A beam stop is used to block the specularly reected beam (specular peak) to avoid oversaturation of the detector. Yoneda peaks, located at the position of the critical angle (a c ), are well visible in all GISAXS measurements.
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Intensity oscillations along the q z direction are found in the 2D GISAXS data of the samples post-treated with chlorobenzene, toluene and xylene vapors. These oscillations are a signature of partially correlated surface roughness arising from the P3HT:PCBM layer following the structure of the substrate underneath.
36,57 Correlated roughness is not observed for the dichlorobenzene vapor post-treated sample, because of the relatively high surface roughness as mentioned above. Additionally, for the dichlorobenzene vapor post-treated sample (Fig. 4d) , the scattering signal extends further out into the higher q y region as compared to that of the other samples, which is related to the presence of smaller lateral structures. Moreover, prominent Bragg peaks appear in the case of chlorobenzene and toluene exposure (Fig. 4a and b , marked with red arrows). These Bragg peaks are located at q z positions equal to 1.371 nm À1 and 1.379 nm À1 , respectively. They are attributed to the Bragg reection of large PCBM crystallites, which will be carefully discussed in the following GIWAXS measurements. To our knowledge, notable Bragg peaks from PCBM crystallites are rarely reported in 2D GISAXS data. To obtain the lateral structure information of the inner lm morphology, horizontal line cuts from the 2D GISAXS data are performed at the P3HT Yoneda peak position (Fig. 5) . These line cuts reveal the structure information parallel to the substrate surface. In order to extract the corresponding structural information, the horizontal line cuts are tted with the model including three form factors and their corresponding structure factors, as described in the experimental section. It means that three prominent substructures exist in the samples. The presence of multiple substructures was reported for P3HT:PCBM BHJ lms before. 40, [58] [59] [60] [61] [62] In general, a model assuming the presence of intermixed phases between amorphous P3HT and PCBM, pure P3HT lamellas, and pure PCBM aggregates is well accepted. 58, 59 However, the details of the observed structures will depend on the used sample-preparation method and on the probed q range. For example, Yin et al. investigated thick dropcast P3HT:PCBM lms by small angle neutron scattering (SANS) focusing on the high q region. 60 They observed one substructure when the amount of PCBM was below a certain threshold, while additional large substructures appeared when the amount of PCBM approached 50 vol%. 60 Huang and coworkers found two substructures identied as PCBM:P3HT amorphous domains and large PCBM aggregates by GISAXS measurements. 61 Verploegen and coworkers used GISAXS to study P3HT:PCBM lms and reported two pronounced domains aer thermal or solvent annealing. 31 With an increased q region towards smaller q values, additional larger structures become accessible. Moseguí González et al. observed three different substructures in spincoated P3HT:PCBM lms using GISAXS. 40 A previous study on inverted P3HT:PCBM solar cells also revealed three substructures in P3HT:PCBM lms by the in situ GISAXS measurements. 62 From the parameters obtained in the tting results, the nanomorphology of the active layer is estimated. In this model, the structure sizes correspond to the form factors (the radii of the domains with a cylinder shape) and the distances are related to structure factors (center-to-center distances). The corresponding ts are shown in Fig. 5 with solid lines.
The obtained structure sizes and distances are extracted from the tting results and summarized in Fig. 6 . In general, all active layers exhibit three characteristic structures with different sizes. These average structure sizes are on the order of 10 nm, 30 nm and 105 nm with the corresponding distances of around 40 nm, 140 nm and 400 nm. Because all horizontal line cuts were taken at the material specic Yoneda peak of P3HT, where the strongest scattering contribution of P3HT occurs, information about lateral structures formed by P3HT or its voids (PCBM) is gained. We ascribe the structures from the GISAXS data modelling to amorphous P3HT with embedded PCBM, lamellar P3HT, and large PCBM domains. Ruderer et al. observed an average length of PCBM embedded in the amorphous P3HT phase from 3 to 10 nm in grazing incidence small angle neutron scattering measurements, which matches the smallest structures observed in the present work. 63 Schaffer et al. considered the intermediate substructure (with form factors from 30 to 40 nm) as P3HT bers.
14 They observed the coarsening of this substructure with illumination and successfully found the correlation between the morphological decay and device degradation. Moreover, P3HT bers were also reported from scattering experiments on P3HT:PCBM solutions. 64, 65 The large domains are understood as surface structures as they can be evidenced in line cuts extracted from AFM data as shown in Fig. S3 . † Treat et al. also reported a similar morphology for the P3HT:PCBM system 66 and Swinnen and coworkers using selected area electron diffraction analysis and transmission electron microscopy showed large phase separation structures between PCBM aggregates and almost pure P3HT as well. 67 Since an effective exciton diffusion length of 10 nm was determined for the photoactive material P3HT, 47,68 the smallest structures (on the order of 10 nm, plotted in black in Fig. 6 ) are expected to dominate the main photovoltaic performance of the solar cells. These smallest structures are 11 nm, 12.5 nm, 9.5 nm and 4.5 nm (radii of the domains) for lms post-treated with chlorobenzene, toluene, xylene and dichlorobenzene vapors, respectively. Among all of them, the sample post-treated with dichlorobenzene vapor shows a signicantly smaller structure size compared to the other three samples, which could be correlated with a relatively higher current density of the nal devices. However, regarding the other three samples, the evolved structure sizes are still in the range for efficient exciton dissociation. Therefore, the size of the nanostructures in the active layers cannot be the main reason for the failure of the solar cells post-treated with chlorobenzene, toluene and xylene.
Absorption behavior
The normalized absorbance spectra of post-treated samples are shown in Fig. 7a . The positions of the main P3HT absorbance peak at around 517 nm and two shoulder-like features around 550 nm and 600 nm do not change with the use of different solvents in the vapor treatment. Both shoulder-like features are attributed to the presence of P3HT crystallites, suggesting that P3HT crystallites are preserved aer solvent-vapor treatment. To estimate further information about the P3HT crystalline order, the weakly coupled H-aggregate model is applied:
A 0-1 and A 0-0 indicate absorbance intensities of the two shoulders at 550 nm and 600 nm. W is the free exciton band width within the P3HT crystalline phase, which can be extracted through the ratio of A 0-0 to A 0-1 . In general, a lower value of W means a higher crystalline order of the P3HT. In the case of P3HT:PCBM based solar cells made from different solvents, typical values of W, as found in the literature, are W ¼ 92 AE 10 meV, W ¼ 76 AE 10 meV and W ¼ 140 AE 10 meV for well working devices. 70 As shown in Fig. 7b , the values of W are between 55 AE 15 meV and 95 AE 12 meV in the present study, which means that the crystalline order of the P3HT chains in all samples fully meets the requirements for working devices. In comparison, the dichlorobenzene vapor post-treated sample exhibits the smallest value of W, indicating the highest P3HT crystalline order among all the post-treated samples. Generally, in P3HT:PCBM BHJ solar cells, the P3HT crystalline region affords a high hole mobility, therefore a higher P3HT crystalline order assists to achieve high J SC values. Hence, the higher P3HT crystalline order of the dichlorobenzene-related device contributes to its higher J SC as compared to that of other samples. However, for the other three samples still a sufficient crystalline order of the P3HT chains is found to allow for working solar cells. Therefore, we conclude that the evolution of the crystalline order of P3HT is not a reason for the failure of solar cells, either.
Regarding the PCBM absorbance at around 335 nm, different absorption features are observed for the post-treated samples. Except for the dichlorobenzene vapor post-treated sample, all other three samples show signicantly weaker PCBM absorbance. As illustrated from the optical microscopy images (Fig. 2) , large PCBM aggregates are formed in these three samples, which can strongly scatter the light and accordingly lower the PCBM absorbance. Liu et al. reported similar absorbance features, when large PCBM aggregates were formed in P3HT:PCBM lms. 71 Overall, the PCBM aggregates might hinder P3HT crystallization during the solvent vapor treatment, which explains why the sample with dichlorobenzene vapor post-treatment has the highest P3HT crystalline order. However, the formation of large PCBM crystals appears to have a larger effect on the solar cells degradation.
Crystalline structure
In order to further investigate the crystalline structure, GIWAXS measurements are performed. The 2D GIWAXS data are displayed in Fig. 8 . Signicant differences in the scattering patterns among all the samples are observed, which are dominated by PCBM scattering signals. The pronounced Bragg diffraction spots denoted by three round circles in Fig. 8a (chlorobenzene treatment) and 8b (toluene treatment) indicate the formation of large and well-ordered PCBM crystallites. Verploegen et al. had also observed distinct peaks in 2D GIWAXS data upon heating PCBM lms to 205 C, but with a different appearance. 31 For a quantitative analysis, their respective positions in terms of q xy , q z and q values are listed in Table 2 . For each specic Bragg diffraction spot, both samples show similar q values. Thus, it is inferred that the same PCBM crystalline phase is formed in chlorobenzene and toluene vapor post-treated samples. This nding is in agreement with an earlier study, as Colle et al. reported that samples prepared from chlorobenzene and toluene showed the same PCBM crystalline phase. 72 Additionally, it is noticed that the q xy and q z values of peak 1 (donated as black circles in Fig. 8a and b) show ipped coordinates in these two samples, suggesting that opposite PCBM orientations are formed in both samples. For xylene and dichlorobenzene less pronounced scattering features are observed. The 2D GIWAXS data of the xylene vapor post-treated sample (Fig. 8c ) present patchy broad intensity rings, indicating the presence of randomly distributed, relatively small PCBM crystallites. In contrast, the 2D GIWAXS data of the sample posttreated with dichlorobenzene vapor (Fig. 8d ) are dominated by a broad ring-like scattering feature originating from amorphous PCBM. No more well-oriented crystallites are detected, which was as well frequently observed in P3HT:PCBM lms aer thermal annealing. 63 Moreover, it is found that the PCBM crystal sizes depend on the solvents. Larger PCBM crystallites are formed in the sample post-treated with higher vapor pressures and higher PCBM solubility solvents (toluene and chlorobenzene). However, no PCBM crystallites are found in the sample post-treated with the solvent having a low vapor pressure and large miscibility between P3HT and PCBM, even for the fact that it has high PCBM solubility (dichlorobenzene). Furthermore, the tube cuts at the position of PCBM crystallites (q from 12 to 15.5 nm À1 ) are made. The resulting gure is shown in the ESI as broadly distributed peaks, indicating no preferential orientation. For the dichlorobenzene related sample, no peak is observed, suggesting the amorphous PCBM. In addition, the sample post-treated with chlorobenzene has the highest and sharpest peak, resulting from the large PCBM crystallites, which is consistent with the observation from optical microscopy images. Therefore, by selecting a suitable solvent vapor, the formation of the PCBM crystalline structure is strongly affected. Correlating the information of PCBM crystalline structures with the nal solar cell performance, it is inferred that the formation of PCBM crystallites could be the most serious reason for the solar cell failure. Treat et al. also obtained a similar conclusion that the micron-scale PCBM crystallites formed aer long time thermal annealing were correlated with the degradation in photo conversion efficiency.
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During the solvent posttreatment, the PCBM molecules tend to crystallize; meanwhile a large number of PCBM aggregates are formed. It leads to an extremely large domain size of the PCBM phase, in a micronscale, as shown in optical microscopy images (Fig. 2) . Additionally, detailed information about the P3HT crystals is obtained as well. As shown in the 2D GIWAXS data (Fig. 8 ), all lms have (100) and (010) Bragg peaks of the polymer, indicating the presence of P3HT crystallites. This observation is consistent with the conclusions from the above absorbance measurements. Moreover, for the sample with dichlorobenzene vapor posttreatment, the intensity of the (010) Bragg peak along the horizontal direction exceeds that in vertical direction, suggesting that edge-on oriented P3HT crystallites are dominating. Instead, for the other three samples a face-on dominated orientation is observed. For a quantitative analysis, the vertical and horizontal sector integrals are taken from the 2D GIWAXS data and are shown in Fig. 9a and b . Due to the high intensities of (100) Bragg peaks of P3HT and the strong PCBM Bragg peaks at q < 5 nm À1 , the vertical sector integral with the q range above 5 nm À1 is shown in Fig. 9c separately. For all samples (100) Bragg peaks are found with their higher orders. The (200) and (300) peaks are visible in the vertical direction (Fig. 9c) . In the horizontal direction the (100) peaks are also found but no higher orders are seen (Fig. 9a) . Additionally, (010) Bragg peaks are found in both directions for all samples. To obtain further information in terms of lattice constants, the detected Bragg peaks are tted with Gaussian functions to determine the peak positions. As listed in Table 3 , all samples show similar lattice constants around 1.70 nm in horizontal (100) direction and 0.4 nm (010) in both directions, which are consistent with P3HT lattice constants reported in other studies. 35 However, the values in the vertical (100) direction are slightly distinct, which is probably due to the fact that the interference with the strong scattering signals of PCBM crystals and the GISAXS data. It is concluded that the lattice constants of P3HT are independent of the selected solvent vapor. In agreement with the conclusions from the absorption measurements, for all post-treated samples, the crystalline order of the P3HT chains cannot be the reason for the degradation of the solvent-treated solar cells.
Moreover, we selected the xylene-related sample as an example to investigate the impact of solvent exposure time and compare with the common thermal annealing treatment. The changes in the morphology from 1 to 5 days are observed with GISAXS and GIWAXS. The resulting data are included in the ESI as Fig. S5 . † In general we nd similar trends as reported for the thermal annealing process, 34 including coarsening of the structures and formation of PCBM crystals with increasing annealing time. Fig. 10 summarizes in a schematic way how solvent posttreatment inuences the morphology and crystalline order of the P3HT:PCBM samples at the microscale. The grey dots are related to PCBM, while the red tangled lines represent the amorphous P3HT and the parallel lines the crystalline P3HT phase. The sample post-treated with dichlorobenzene (Fig. 10d) shows relatively higher P3HT crystallinity and an edge-on dominated crystal orientation as compared to the other three samples. However, in general all samples have reasonable crystalline P3HT domains to allow for well working solar cells. Therefore, the P3HT crystalline structure is not strongly degraded by the long-term solvent vapor treatment and accordingly it is not the key factor for the solar cell degradation and failure. On a larger scale, the phase separation of P3HT and PCBM causes a domain structure in the range for an efficient exciton dissociation, although in detail the different samples show slightly different lateral structure sizes. On a larger scale on the order of exciton diffusion length, the lateral domain structures induced by the phase separation of P3HT and PCBM differ only in the details among the different samples. Thus, the nanomorphology of all the samples should be still satisfactory to achieve well working solar cells. However, on the micrometer scale important differences in the morphology are found. It is clearly noticed that only the sample post-treated with dichlorobenzene vapor does not form large PCBM crystallites, while in all the other three samples the PCBM crystallizes in very large domains. Consequently, it is concluded that PCBM is more sensitive to the selected solvent vapor as compared to P3HT. We ascribe the formation of PCBM crystallites as the main reason for the observed solar cell failure.
Conclusions
The accelerated morphological evolution of P3HT:PCBM BHJ solar cells caused by degradation due to exposure to a solvent atmosphere is thoroughly investigated. Amongst all the possible solvents for the solar cell post-treatment we have selected its host solvent, since the active layer will get likely exposed to the host solvent during the subsequent handling steps. Four different frequently used solvents, chlorobenzene, toluene, xylene and dichlorobenzene, have been chosen for the preparation of P3HT:PCBM solar cells. By having long exposure times harsh conditions are mimicked, which give an upper estimate of what possibly could happen if P3HT:PCBM active layers are exposed to the vapor of the solvent out of which they have been prepared. Thus, the present investigation can be understood as a sort of a long-term stability test, if e.g. the processing solvent is encapsulated within the device. All solar cells show a serious degradation of the device performance. Only solar cells with active layers made out of dichlorobenzene and consequently exposed to dichlorobenzene vapor survive with a remaining efficiency of 1.66 AE 0.07%, which is still more than 50% of the original performance of the pristine solar cells (2.85 AE 0.12%). In the case of the other processing and aging solvents no reasonable device efficiencies remain, although the initial efficiencies have been on a comparable order. Having a still functioning solar cell, despite the harsh treatment, is mainly attributed to the prevention of large-scale PCBM crystallization. In comparison, the morphology due to the phase separation of P3HT and PCBM as well as the P3HT crystallization is less strongly affected by the solvent treatment. Thus, the observed dramatic efficiency degradation is correlated with the formation of micrometer scale PCBM crystals. It is suggested that PCBM is signicantly more sensitive to the investigated solvent atmosphere as compared to P3HT. The solvent atmosphere with a higher vapor pressure and higher PCBM solubility result in the formation of large PCBM aggregates, which is regarded as the main reason for the degradation of P3HT:PCBM solar cells. It is concluded that among the four investigated solvents, dichlorobenzene is the optimal solvent for the P3HT:PCBM BHJ system due to PCBM remaining amorphous in the active layer. Thus, with respect to the long term stability of the solution processed P3HT:PCBM solar cells the use of the solvent which has a low vapor pressure and large miscibility between P3HT and PCBM is very benecial and can prolong the lifetime of the device. In an alternative approach solar cell encapsulations which selectively can release the processing solvent will be needed.
